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ABSTRACT Intracerebral infection of rats with J HM coronavirus induces a chronic 
inflammatory demyelinating disease, which in many respects mimicks the pathology of 
multiple sclerosis. We investigated the patterns of demyelination and oligodendrocyte 
pathology in this model. In early stages of the disease infection of oligodendrocytes was 
associated with a downregulation of expression of MRNA for proteolipid protein in the 
absence of myelin destruction. When demyelinating lesions were formed infected 
oligodendrocytes were destroyed by necrosis, whereas oligodendrocytes that did not 
contain detectable virus antigen or RNA werein part dying by apoptosis. At this stage of 
the disease remyelination of the lesions was pronounced. At later stages after infection 
virus antigen was nearly completely cleared from the lesions. In spite of the lack of 
detectable virus, ongoing demyelination and unspecific tissue destruction occurred, and 
oligodendrocytes were mainly destroyed by apoptosis. These late lesions revealed only 
minimal central remyelination, but they were frequently repaired by Schwann cells. Our 
studies suggest that the mechanisms of myelin destruction in this model of virus-induced 
demyelination are complex and that the patterns of tissue damage may change during 


the course of the disease. GLIA 19:1-7, 1997 


INTRODUCTION 


Coronavirus-induced subacute demyelinating en- 
cephalomyelitis (SDE) is a disease in rats that in 
several respects resembles human inflammatory demy- 
elinating diseases, including multiple sclerosis (K yuwa 
and Stohlman, 1990; Sorensen et al., 1980). After 
intracerebral infection it starts with an acute encepha- 
lomyelitis, characterized by virus infection of both 
neurons and glial cells and by severe inflammation and 
destructive lesions, located predominantly in the gray 
matter (Nagashima et al., 1978, 1979; Wege et al., 1984; 
Zimprich et al., 1991). When this stage is survived by 
the animals, a subacute demyelinating disease follows 
(Nagashima et al., 1978; Zimprich et al., 1991). In this 
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stage virus infection is restricted to the glial cell 
population, equally affecting astrocytes and oligodendro- 
cytes. Chronic persistent inflammation is associated 
with primary demyelination, some axonal pathology, 
and a variable degree of astrocyte destruction. In later 
stages, lesions may become remyelinated by both oligo- 
dendrocytes or Schwann cells. 

A variety of different pathogenetic mechanisms have 
been suggested to be responsible for demyelination in 
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virus-induced encephalomyelitis. First, demyelination 
may be caused by direct virus-induced destruction of 
oligodendrocytes. This mechanism appears to be un- 
likely, since coronavirus infection in immunodeficient 
mice does not lead to demyelination (Fleming et al., 
1993; Wang et al., 1990). On the other hand, demyelin- 
ation may be mediated by the immune system, by a 
direct T-cell mediated cytotoxicity against virus-in- 
fected oligodendrocytes (Lindsley et al., 1991; Subak- 
Sharpe et al., 1993), by antibodies against viral enve- 
lope proteins that are expressed on the surface of 
oligodendrocytes (Zimprich et al., 1991), or just by 
toxic-macrophage products, liberated in the lesions 
(Botteron et al., 1992; Griot et al., 1989). 

Although the primary nature of the demyelination in 
coronavirus-induced SDE is well documented, surpris- 
ingly littleis known about the fate of oligodendrocytein 
situ. From studies of this and other models thereis good 
agreement that oligodendrocytes are infected by the 
virus and that infected oligodendrocytes show a de 
creased expression of RNA of their different myelin 
proteins (Jordan et al., 1989; Ozden et al., 1993; 
Rodriguez et al., 1994; Yamada et al., 1990). Although 
some oligodendrocytes appear to be lost from estab- 
lished lesions, little is known about the extent and 
patterns of oligodendrocyte destruction. In the present 
study we have approached this question by immunocy- 
tochemistry and in situ hybridization, using a pannel of 
antibodies and probes that are able to recognize oligo- 
dendrocytes at different stages of their differentiation 
and maturity (Breitschopf et al., 1992; Brueck et al., 
1994; Ozawa et al., 1994). In addition, we have applied 
new techniques for the detection of dying cells through 
the visualization of nuclear DNA fragmentation (Gold 
et al., 1994; Iseki, 1986). Our results suggest a complex 
pattern of oligodendrocyte pathology that changes dur- 
ing different stages of the disease. 


MATERIALS AND METHODS 
Induction of Disease 


The murine coronavirus strain MHV-] HM was pas- 
saged by intracerebral infection of mice and adapted to 
grow on Sac-cell cultures (Nagashima et al., 1978; Wege 
et al., 1984). Specific pathogen-free Lewis rats were 
obtained from the Zentralinstitut fuer Versuchstier- 
zucht, Hannover (FRG). The rats were intracerebrally 
inoculated with 800 PFU of the MHV-] HM virus be 
tween 3 and 8 weeks of age. 


Tissue Processing 


Animals were ether anesthetized and perfused with 
4% paraformaldehyde dissolved in 0.1 M phosphate 
buffer. Parts of the brain and spinal cord were routinely 
embedded in paraffin. Paraffin sections (3 um thick) 
were stained with hematoxylin and eosin, Luxol fast 


blue for myelin, and Bielschowsky silver impregnation 
for axons. 

Immunocytochemistry was performed with a biotin/ 
avidin or alkaline phosphatase/anti-alkaline phospha- 
tase technique as previously described in detail (Vass et 
al., 1986, 1989). The following primary antibodies and 
sera were used: a polyclonal rabbit anti-) HM serum 
(Wege et al., 1984); a polyclonal rabbit anti-proteolipid 
protein (PLP) serum (Gunn et al., 1990); monoclonal 
antibodies against glial fibrillary acidic protein (GFAP; 
Boehringer, Mannheim, FRG); myelin basic protein 
(MBP; Hybritec, USA); myelin oligodendrocyte gl ycopro- 
tein (MOG; 8-18C5; a gift from Dr. C. Linington, 
Martinsried, FRG), 2’-3’-cyclic nucleotide 3’-phosphodi- 
esterase (CNP; Affinity Research Products, IIkeston, 
UK); macrophages (ED1; Serotec, UK); and T-lympho- 
cytes (W3/13; Seralab, UK). For control, immune reac 
tions were performed in the absence of primary antibod- 
ies or by using irrelevant antibodies of the same 
immunoglobulin class. 


In Situ Hybridization 


For in situ hybridization, dioxygenin-labeled ribo- 
probes specific for PLP (Colman et al., 1982) and for 
coronavirus RNA (Winter, 1992) were used. The tech- 
nique of in situ hybridization has been described in 
detail (Breitschopf et al., 1992). The specificity of the 
reaction was controlled by comparing hybridization 
with antisense and sense probes. Following in situ 
hybridization, the sections were either stained with 
hematoxylin or subjected to immunochemistry for PLP 
protein as described above. 


In Situ Tailing 


For detection of DNA fragmentation the technique 
described by Gold et al. (1994) was used. Briefly, 
deparaffinized sections were incubated for 1 h at 37°C 
with 50 ul of a reaction mixture containing 10 yl 5x 
tailing buffer, 1 ~l digoxigenin DNA labeling mixture, 2 
ul 25 mmol CoClyz, 0.5 pl terminal transferase, and 36.5 
ul distilled water. All reagents were obtained from 
Boehringer Mannheim (FRG). This was followed by 
three rinses in Tris-buffered saline and incubation with 
alkaline phosphatase-labeled anti-digoxigenin anti- 
body (1:250). Alkaline phosphatase was visualized with 
fast red BB salt (Sigma) as a chromogen. After in situ 
tailing, the sections were either stained with hematoxy- 
lin or subjected toimmunocytochemistry, using antibod- 
ies against T-cells, MOG, CNP, GFAP, or J HM virus. In 
addition, some sections were reacted with in situ tailing 
after in situ hybridization for PLP MRNA. 


Quantitative E valuation 


Quantitative studies were performed on brain and 
spinal cord tissue of 19 rats in different stages of the 
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Fig. 1. Quantitative determination of J HM-virus antigen expressing cells and inflammatory cells in 
different lesional patterns. *, P < 0.05; **, P < 0.01; ***, P < 0.001 in comparison with pattern 1. 


disease. | mmunostained cells as well as cells positivein 
the in situ hybridization and in situ tailing reactions 
were counted in 10-25 high power fields, each covering 
an area of 0.01 mm2. In addition, for detailed compari- 
son of cell densities between lesions and control tissue, 
the exact areas covered by the lesions were matched 
topographically with sections of uninfected rats and 
identical counts performed in the respective control 
material. Values, given in Table 1 and in the figures are 
expressed as either cells/mm? or percentage of cell 
density in lesions compared with the matched control 
areas. A non-parametric group test (Mann-Whitney U 
test) was used toanalyze statistical differences between 
the different disease stages. 


RESULTS 


The study was restricted to rats that had survived 
acute encephalomyelitis and had entered the demyelin- 
ating stage of the disease. Out of a larger sample of 
animals that were investigated in the course of other 
virological and immunological studies (Flory et al., 
1995; Koerner et al., 1991; Wege et al., 1993; Zimprich 
et al., 1991), 19 rats were selected that contained 
widespread lesions at different phases of the demyelin- 
ating process 23-96 days after infection (Table 1). 
Clinically these animals presented with ruffled fur, an 
atactic, trembling gait and paralysis of hind legs that 
appeared 3-5 weeks after virus inoculation. According 
to pathological findings (Fig. 1) three patterns of the 
demyelinating disease were differentiated. 


Pattern 1 


This pattern was characterized by massive virus 
infection, mainly affecting the white matter of the 
spinal cord, the brain stem, and the cerebellar white 
matter. F orebrain lesions were sometimes encountered 
too, but they were rare. Virus-infected cells were identi- 
fied as astrocytes and oligodendrocytes and were distrib- 
uted in large plaques of infected cells, separated by 
uninfected normal central nervous system (CNS) tissue 
(Fig. 2d,f). The inflammatory reaction mainly consisted 
of lymphocytes and macrophages, located predomi- 
nantly at the sites of infection (Figs. 1, 2c). 

By conventional light microscopy, in these early 

lesions of the disease neither primary demyelination 
nor other tissue damage was observed (Fig. 2a), and 
immunoreactivity for different myelin proteins, such as 
MBP, PLP, MOG, and CNP, was similar, compared with 
that in the unaffected white matter; immunocytochem- 
istry for GFAP showed increased reactivity of astro- 
cytes. 
Oligodendrocytes, identified by immunochemistry for 
CNP or MOG were larger in the infected areas, com- 
pared with the surrounding normal white matter. H ow- 
ever, in situ hybridization revealed a downregulated 
expression of PLP mRNA, also evidenced by the signifi- 
cant numerical decrease of PLP mMRNA-reactive oligo- 
dendrocytes in the lesions (Figs. 2b,e, 3). Staining with 
in situ hybridization for PLP mRNA and immunochem- 
istry for virus protein in adjacent serial sections re 
vealed that the decreased expression of MRNA was 
restricted to virus-infected areas (Fig. 2b,d). 
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TABLE 1. Synopsis of animals with coronavirus-induced subacute demydinating encephalomyditis? 


No. of Disease Time post virus 
animals duration? inoculation? 
3.3+ 0.6 30.7 + 1.9 
Pattern! + II 9 (1-6) (23-38) 
9.9 + 2.2* 47.1 + 8.5* 
Pattern II1® 7 (1-16) (26-96) 


aValues are days, mean + SEM, with rangein parentheses. 
Pattern III is significantly different from pattern | and II. 
*P < 0.05. 


Fig. 2. Lesional pattern 1; serial sections through the periventricu- different serial sections; areas with high virus antigen expression 
lar white matter. a: Luxol fast blue. b, e:|n situ hybridization for PLP = showreduced expression of PLP mRNA and some macrophage infiltra- 
mRNA. c:ED1-positive macrophages. d, f:} HM-virus antigen expres- _ tion. a-d, x50; e, x 150; f, x 200. 
sion. Arrowhead 1 and asterisk 2 label identical positions on the 
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Fig. 3. Histogram showing downregulation of PLP mRNA expres- 
sion in oligodendrocytes throughout the disease in Lewis rats with 
SDE in comparison with uninfected controls. For detailed comparison 
of cell densities between lesions and control tissue, the exact areas 


Using nuclear DNA fragmentation as a sign of cell 
death in the lesions, only a few degenerating cells were 
found (Fig. 4). Most of them, showing nuclear condensa- 
tion of apoptosis and DNA fragmentation, were identi- 
fied by double staining as W3/13-positive T-lympho- 
cytes. In addition, some CNP -positive oligodendrocytes 
showed nuclear condensation and fragmentation (Fig. 
4). No such changes were observed in oligodendrocytes 
that expressed PLP MRNA. 


Pattern 2 


Sharply demarcated plaques, completely devoid of 
myelin sheaths, were the hallmark of pattern 2 of the 
demyelinating process (Fig. 5a). These lesions were in 
general surrounded by a broad zone of virus-infected 
tissue with similar structural alterations as those 
described for pattern 1 lesions (Fig. 5c). Like pattern 1 
lesions, both the number of cells expressing PLP mRNA 
as well as the extent of mRNA expression in individual 
cells were reduced. Virus antigen expression within the 
demyelinated plaques was restricted to very few glial 
cells. The plaques were associated with a severe inflam- 
matory reaction, the inflammatory infiltrates being 
mainly composed of lymphocytes and very high num- 
bers of macrophages (Fig. 1). Lipid-laded macrophages 
strongly expressed the lysosomal marker ED1 and 
contained intracytoplasmic granules, reactive for all 
major and minor myelin proteins (MBP, PLP, MOG, and 


covered by the lesions were matched topographically with sections of 
uninfected rats. I NF, virus-infected area surrounding the plaque; DM, 
demyelinated area; RM, remylinated area inside the plaque. *, P < 
0.05; **, P < 0.01; ***, P < 0.001 compared with control tissue. 


CNP; Fig. 5g,h). Glial fibrillary acidic protein (GFAP)- 
positive astrocytes were increased at the plaque bor- 
ders but reduced in the center (Fig. 5i). 

In the immediate vicinity of the demyelinated le 
sions, ongoing myelin and oligodendrocyte destruction 
was present, and dying glial cells with DNA fragmenta- 
tion were mainly concentrated in these regions (Fig. 4). 
By immunochemistry (CNP, MOG) and in situ hybrid- 
ization (PLP mRNA), most dying glial cells were oligo- 
dendrocytes. Most glial cells labeled by IST also ex- 
pressed abundant virus protein. Morphologically, dying 
oligodendrocytes showed swollen cytoplasm and nuclei 
with rupture of nuclear membranes (Fig. 6a). This 
pattern is different from the nuclear condensation and 
fragmentation of apoptosis and was interpreted as 
necrotic cell death. However, dying cells labeled by 
anti-CNP or anti-MOG antibodies and showing nuclear 
alterations of apoptosis were present as well (Fig. 6c). 
In addition, many cells with the nuclear changes of 
apoptosis were identified by immunochemistry to be 
W3/13 positive T-lymphocytes (Fig. 6b; Barac-Latas et 
al., 1995). 

Oligodendrocytes, reactive for myelin proteins or 
PLP mRNA, were lost in part of the lesions (Fig. 3). 
However, side by side with the demyelinating lesions, a 
variable degree of remylination was present at this 
stage of the disease. Remyelinated areas were mainly 
located in the center of the demyelinated plaques and 
were dominated by high numbers of oligodendrocytes 
with an intensity of PLP mRNA expression that by far 
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Fig. 4. The number of apoptotic oligodendrocytes and T-lympho- 
cytes, identified by nuclear morphology and double staining with 
anti-CNP and W3/13 as shown in Figure 6 in comparison with total 
numbers of dying cells visualized by in situ tailing. The following areas 


exceeded that in comparable white matter areas of 
uninfected controls or in unaffected “normal” white 
matter of the same animal (Figs. 3, 5b,e). |n addition, a 
variable number of thin myelin sheaths were detected 
by immunochemistry with anti-MBP or anti-PLP anti- 
bodies. Only few oligodendrocytes in these remaining 
lesions expressed MOG. No virus antigen was present 
in astrocytes or oligodendrocytes in the remyelinating 
areas (Fig. 5f). 


Pattern 3 


Thethird type of lesions was characterized by intense 
inflammation and ongoing demyelination or tissue de 
struction (Fig. 7a,c). However, virus antigen expression 
during this stage was minimal and was restricted toa 
very few glial cells in particular astrocytes in the 
demyelinated plaques or in the surrounding nervous 
system tissue (Fig. 7d,f). Within the lesions we found a 
pronounced reduction in immunoreactivity for MBP 
and PLP, and of cells expressing MOG, CNP or GFAP as 
well as PLP mRNA (Fig. 7b,e). This finding suggests 
that in addition to myelin, a significant number of 
oligodendrocytes and astrocytes was also destroyed in 
the plaques. However, axons were preserved, in part 
freely traversing the plaques between the infiltrating 
macrophages. The lesions were surrounded by dense 
GFAP-reactive astroglial scar tissue. 

Ongoing demyelinating activity in these lesions was 
suggested by the presence of early myelin degradation 


Pattern 2 Pattern 3 


were evaluated: pattern 1, area of virus antigen expression; pattern 2, 
active demyelinating plaque plus surrounding area of virus antigen 
expression; pattern 3, actively demyelinating plaque. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001 in comparison with pattern 1. 


products in macrophages that still were immunoreac- 
tive for all myelin proteins, including MBP, PLP, MOG, 
and CNP. Numerous cells within the lesions showed 
DNA fragmentation. Cells with DNA fragmentation 
together with nuclear condensation and fragmentation, 
typical of apoptosis, were partly identified by immuno- 
cytochemistry as T-lymphocytes. In addition, dying 
cells, labeled either by in situ hybridization for PLP 
mRNA or by immunocytochemistry for MOG and CNP 
were found in particular at the edge of the plaques 
(Figs. 4, 6d). No virus antigen or RNA expression was 
found in dying cells in this type of lesions. 

At late stages after virus infection (three rats sampled 
later than 60 days), residual lesions were present in the 
brain and spinal cord. No inflammation and no virus 
antigen expression was found. In the brain, some 
atrophy of the gray and white matter, together with 
dilatation of cerebral ventricles, was noted. In addition, 
focal areas with extensive astrocytic gliosis and some 


Fig. 5. Morphological changes in pattern 2. Serial sections were 
stained with luxol fast blue (a,d,g); in situ hybridization for PLP 
MRNA (b,e); virus antigen (c,f), ED1-positive macrophages (h) and 
GFAP (i). Theasterisks label identical landmarks in the respective low 
and high magnification pictures. The center of the demyelinating 
lesion (a,d) contains a high density of cells with PLP mRNA expression 
(b,e) and apparently represents an area of remylination. This area is 
free of virus antigen. This center is surrounded by a zone with 
complete lack of PLP MRNA reactive cells, which in part is demyelin- 
ated or—at the margin—is actively, demyelinating, as shown by the 
presence of macrophages with myelin degradation products (g). Virus 
antigen is predominantly present at the zone of active demyelination 
(c,f) and in the adjacent white matter. a-c, x20; d-f,h,i, x 160; g, x 250. 
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Fig. 6. Patterns of cell destruction. a: Oligodendrocytes from pat- 
tern 2 lesions, stained with in situ hybridization for PLP mRNA; two 
cells (arrows) with cytoplasmic and nuclear swelling and cell fragmen- 
tation suggest necrosis; 1,000. b: Pattern 2 lesions stained with 
W3/13. Several immunostained T-cells (arrows) and W3/13-negative 


reduction of axonal density were found, which, how- 
ever, revealed a normal density of myelin sheaths. 
These areas apparently represent remyelinated le 
sions. 

In contrast, in the spinal cord large lesions persisted. 
They were surrounded by a dense astrocytic scar. In the 
center of the lesions GFAP as well as PLP protein and 
PLP mRNA positive cells were absent. Nerve fibers 
within the plaques were remyelinated by Schwann 
cells. 


Time Dependent Development and Size of the 
Lesions at Different Stages of the Disease 


Lesions with structural abnormalities following pat- 
terns 1 and 2 were found significantly earlier after 
infection than those with pattern 3. This suggests that 
the above-described lesional patterns indeed reflect 
stages of lesion formation (Table 1). 


"] 
ce be i 
. os 


2 


cells (arrowheads) with nuclear condensation and fragmentation 
suggest apoptosis; < 1,000. c: Edge of a pattern 2 lesion, stained with 
anti-CNP. Oligodendrocytes with nuclear condensation suggest of 
apoptosis (arrowheads); <800. d: Pattern 3 lesion stained with 
anti-CN P; oligodendrocyte with nuclear condensation; 800. 


Whereas during early stages of the disease glial cells 
were infected by coronavirus in large areas of the brain 
and spinal cord, the actual demyelinated areas in 
patterns 2 and 3 were much smaller and focal, with 
very little virus antigen expression. These data suggest 
that virus infection taking place during the first stage 
of SDE may be cleared in part by a mechanism that 
does not lead to destruction of infected glial cells or 
demyelination. 


DISCUSSION 


Virus-induced chronic demyelination of the CNS has 
raised considerable attention as a possible model of 
disease for multiple sclerosis (Dal Canto and Rabino- 
witz, 1981; K yuwa and StohlIman, 1990). Chronic demy- 
elinated plaques in the CNS in experimental animals 
can be induced by a variety of virus infections, includ- 
ing Theiler’s virus, coronavirus MHV-] HM, canine 
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Fig. 7. Morphological changes of pattern 3. Serial sections stained 
with luxol fast blue (a), in situ hybridization for PLP mRNA with 
nuclear counterstain (b,e); ED1-positive macrophages (c) and virus 
antigen (d,f). Thelesions are large demyelinated plaques with rarefac- 
tion of the tissue texture (a) and pronounced macrophage infiltration 


distemper virus, Semliki Forest virus, herpes simplex 
virus, visna virus, and others (Brankin, 1996; Dal 
Canto and Rabinowitz, 1981). 

All these diseases are characterized by persistent 
virus infection, chronic inflammation, and the forma- 
tion of confluent demyelinated lesions. However, in 
spite of extensive research in these models the mecha- 
nisms finally leading to the destruction of myelin 
sheaths in vivo are controversial. Possible mechanisms 
of demyelination, suggested in a variety of in vitro and 
in vivo studies, include direct cytolytic infection of 
oligodendrocytes (Rosenthal et al., 1986), specific T-cell- 
mediated cytotoxicity directed against infected oligoden- 
drocytes (Lindsley et al., 1991; Subak-Sharpe et al., 


(c). PLP MRNA containing cells (dark black cellsin b and e) are lost in 
the lesions. There is very little virus antigen expression (d,f). The 
arrows in b and eor d and f label identical structures in low and high 
magnification. a-d, X85; e, x 340; f, x 800. 


1993), “by-stander demyelination” induced by toxic 
products of activated macrophages (Botteron et al., 
1992; Griot et al., 1989), and antibody-mediated im- 
mune reactions, directed against autoantigens or virus 
proteins that are expressed on the surface of infected 
oligodendrocytes (Fujinami et al., 1989; Zimprich et al., 
1991). Finally, metabolic disturbances of oligodendro- 
cytes, induced by their infection, could lead to instabil- 
ity of the myelin/oligodendrocyte complex and demyelin- 
ation (J ordan et al., 1989; Rodriguez et al., 1994). 

To test the relevance of these different mechanisms 
for the natural course of coronavirus encephalomyeli- 
tis, a detailed analysis of the patterns of demyelination 
and the fate of oligodendrocytes in the lesions is re 
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quired. In the present study we have tried to achieve 
this by using new tools to identify oligodendrocytes and 
their cytopathic reaction, which recently became avail- 
able and have also been used for similar studies in 
multiple sclerosis lesions (Brueck et al., 1994; Ozawa et 
al., 1994). Our data suggest that the mechanisms of 
oligodendrocyte damage may be complex in vivo and 
may partly depend on the stage of the demyelinating 
process. 

During the first stage we observed a massive down- 
regulation of PLP mRNA in infected oligodendrocytes, a 
pattern similar to that described in coronavirus en- 
cephalomyelitis in mice (J ordan et al., 1989) and in 
Theiler’s virus-induced demyelinating encephalomyeli- 
tis (Ozden et al., 1993; Rodriguez et al., 1994; Yamada 
et al., 1990). This finding suggests that virus infection 
of oligodendrocytes, although not directly cytolytic, 
may block their “luxury function” of maintaining the 
supply of myelin proteins. However, this mechanism 
alone is apparently insufficient to induce demyelinated 
plaques since the same virus infection in immunodefi- 
cient nude mice does not lead to the destruction of 
myelin. Furthermore, virus infection at this stage of the 
disease was much more widespread than demyeliin- 
ation at later stages, suggesting that virus can be 
cleared from infected glial cells, without leading totheir 
direct or immune-mediated lysis. Such a mechanism 
could be mediated by direct anti-viral effects of certain 
cytokines such as gammaz-interferon (Pearce et al., 
1994; StohIman et al., 1995). 

During the second stage demyelinated plaques were 
formed. As has been shown before, myelin destruction 
was associated with a variable loss of PLP mRNA 
expressing oligodendrocytes in the lesions. At the mar- 
gin of the lesions we observed ongoing destruction of 
virus-infected oligodendrocytes by the pattern of cell 
necrosis. Whereas direct T-cell-mediated cytotoxicity or 
destruction of oligodendrocytes by macrophage toxins 
such as tumor necrosis factor (Selmaj et al., 1991) or 
oxygen radicals (Griot et al., 1989) appear to be medi- 
ated by apoptosis, necrosis is the dominant pattern of 
cell death in antibody- and complement-mediated cyto- 
toxicity. We have shown previously that in coronavirus- 
induced SDE virus-envelope proteins are expressed on 
the extracellular surface of oligodendrocytes and immu- 
noglobulin and complement C9 are deposited in ac- 
tively demyelinating lesions (Zimprich et al., 1991). 
Furthermore, in SDE animals neutralizing antibodies 
against viral S-proteins are mainly present in the 
chronic stage, when demyelination takes place (Flory et 
al., 1995; Koga et al., 1984; Schwender et al., 1991). 
Thus, our present results identifying necrosis of in- 
fected oligodendrocytes further indicate that demyelin- 
ation in this second stage of the disease may be 
mediated by neutralizing anti-viral antibodies, which 
have access to the brain tissue in the course of the 
T-cell-mediated inflammatory reaction and recognize 
their antigen on the surface of infected oligodendro- 
cytes. Final destruction of myelin sheaths may then be 
accomplished by complement or by macrophages, which 


become activated by the T-cell-mediated immune reac- 
tion. A similar mechanism has been found to operate in 
the majority of models of demyelinating chronic autoim- 
mune encephalomyelitis, albeit directed in that case 
not against virus, but autoantigens (Linington and 
Lassmann 1987; Linington et al., 1988; Piddelsden et 
al., 1991, 1993). 

Most of the above-described lesions showed some 
degree of remyelination in the center of the demyelin- 
ated plaques. It is not clear whether the remyelinating 
oligodendrocytes are derived from cells that have es- 
caped destruction during active demyelination or 
whether they were recruited from progenitor cells. 
However, several observations suggest that the latter 
interpretation is accurate. In the areas of active demy- 
elination extensive destruction of oligodendrocytes took 
place, and no oligodendrocytes could be detected in 
demyelinating areas by any of the different markers 
that have been used in the present study. F urthermore, 
the oligodendrocytes in the remyelinating lesions mas- 
sively expressed PLP mRNA but were not stained by 
anti-MOG antibodies. MOG is a protein that is ex- 
pressed late in myelination and is absent on early 
progenitor cells (Matthieu and Amiguet, 1990). It is, 
however, preserved on oligodendrocytes that have sur- 
vived the demyelinating process, as shown in Wallerian 
degeneration (Ludwin, 1990). Thus, the absence of 
MOG reactivity on remyelinating cells indicates that 
these cells may come from the progenitor cell pool and 
have not yet reached the final stage of differentiation 
into mature oligodendrocytes (Ozawa et al., 1994). 

The patterns of myelin and oligodendrocyte pathol- 
ogy were fundamentally different in the third stage of 
this disease. In this stage virus antigen as well as virus 
RNA was detectable only in a small minority of glial 
cells, in particular in astrocytes. However, progressive 
destruction of myelin sheaths and oligodendrocytes 
took place, reflected by the presence of macrophages 
containing early products of myelin degradation and 
abundant oligodendrocytes with nuclear DNA fragmen- 
tation. Oligodendrocyte death was structurally accom- 
panied by condensation and fragmentation of their 
nuclei, Suggesting apoptosis as the main destructive 
mechanism. Neither by immunocytochemistry nor by 
in situ hybridization were we able to detect coronavirus 
protein or MRNA in the dying oligodendrocytes. Ac 
tively demyelinating lesions were massively infiltrated 
by macrophages together with some T-lymphocytes. 
These data suggest that in late stages of the demyelin- 
ating process, when virus infection is cleared from most 
cells in the lesions, immune-mediated demyelination 
and oligodendrocyte destruction may still continue. It is 
tempting to speculate that at this stage of the disease 
demyelination is mainly accomplished by a bystander 
mechanism (Wisniewski and Bloom, 1975), mediated 
by toxic products that are produced by activated macro- 
phages in the lesions (Stoner et al., 1977). Possible 
candidates for macrophage toxins, which may induce 
apoptosis in target cells, are tumor necrosis factor 
(Selmaj and Raine, 1988; Selmaj et al., 1991) or reactive 
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oxygen species (Griot et al., 1989). Alternatively, a low 
degree of oligodendroglia infection, which is not detect- 
able by our methods of immunocytochemistry or in situ 
hybridization, may be recognized by cytotoxic T-cells 
and may lead to programmed cell death of oligodendro- 
cytes. Finally, cytotoxic T-cell reactions, for instance 
against stress proteins in oligodendrocytes (F reedman 
et al., 1991), may be involved in the induction of 
oligodendrocyte apoptosis. Although no data are avail- 
able in the model! of coronavirus-induced SDE, both an 
increased infiltration of the CNS tissue by gamma/delta 
T-lymphocytes and upregulation of stress proteins in 
oligodendrocytes have been described to appear in 
chronic inflammatory brain lesions of autoimmune 
encephalomyelitis (Gao et al., 1995). 

In conclusion, our data provide further evidence that 
the mechanisms of demyelination in a model of virus- 
induced inflammatory demyelinating disease are com- 
plex and may be mediated through a combination of 
metabolic changes, by immune-mediated destruction of 
infected oligodendrocytes, and by “bystander damage” 
of uninfected cells. Although these different mecha- 
nisms may operate side by side in the same animal, 
there is an apparent dominance of the individual 
patterns at defined stages of the disease process. I nter- 
estingly, a similar variability in the patterns of demy- 
elination and oligodendrocyte death has recently been 
observed to occur in the lesions of different MS patients 
and at different stages of disease evolution of MS 
(Brueck et al., 1994; Ozawa et al., 1994). It can be 
expected that a detailed comparison of the patterns of 
demyelination between different experimental models 
of virus-induced or autoimmune-mediated demyelin- 
ation and human disease will resolve some of the 
controversial issues of the pathogenesis of demyelin- 
ation in multiple sclerosis. 
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